Detection of brain-specific miRNAs in the peripheral blood could serve as a surrogate marker of traumatic brain injury (TBI). Here, we systematically identified brain-enriched miRNAs, and tested their utility for use as TBI biomarkers in the acute phase of care.
2 appropriate care team which is trained to manage neurological injury; timely and appropriate referral can limit secondary complications and ultimately improve outcome. Unfortunately, the tools available to clinicians for recognition of TBI during early triage are limited. Symptom-based TBI screening tools available to clinicians in the prehospital and early in-hospital setting have been reported to be as low at 30% sensitive, especially in patients with closed head injuries [2, 3] . Furthermore, even when these symptom-based tools are combined with CT imaging, mild to moderate TBI cases can be difficult to diagnose [4] .
The identification of peripheral blood biomarkers associated with traumatic brain injury (TBI) could lead to the development of molecular diagnostic which could potentially be used to quickly and non-invasively aid in the recognition of TBI during triage. It is becoming increasingly evident that brain tissue exhibits patterns of micro-RNA (miRNA) expression which are distinct from those of other tissues [5] . During TBI, molecules from damaged neural tissues are released into the extracellular environment and my enter peripheral circulation [6] . Thus, the detection of brain-specific miRNAs in peripheral blood could serve as a surrogate marker of TBI.
The use of brain-specific miRNAs as TBI biomarkers has several theoretical advantages. The blood brain barrier inhibits the diffusion of other brain-specific macromolecules such as proteins into the blood [7] , limiting their potential as candidate biomarkers for TBI. miRNAs on the other hand, display the ability to cross the blood brain barrier via microvesicles, exosomes, and lipoprotein carriers [8] , and thus may be more readily detected in the blood following injury. The detection of brain-specific proteins in the blood may be further confounded by serum protease degradation [9] , while miRNAs can exhibit exceptional stability in blood [10] . Furthermore, miRNAs are more amenable to high-throughput profiling then proteins, allowing for more efficient biomarker discovery, and are becoming increasingly close to being testable at the point-of-care [11] , which provides a path to clinical implementation.
Despite the potential advantages of using miRNAs as brain-specific biomarkers, much of the prior biomarker discovery in TBI has focused on proteomic analysis, and there have been relatively few miRNA-based TBI investigations in humans, especially in the acute phase of care. Here, we employed a bioinformatic workflow to systematically screen over 1,300 candidate miRNAs to identify those enriched in human brain tissue, and then tested their potential utility for use as acute blood biomarkers of TBI in a small real-world clinical population.
Materials and methods:

Experimental design:
First, we obtained publically-available expression data for 1,364 miRNAs generated from 31 different postmortem tissues harvested from two human donors. Tissue specificity index was calculated for each miRNA, and they were subsequently ranked in terms of their degree of brain-specific expression. The abundances of the top five ranked miRNAs were then prospectively measured in admission serum samples collected from 10 TBI patients and 10 healthy controls using qPCR, and evaluated for their ability to discriminate between groups.
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Finally, in order to better understand the potential systemic impact of altered circulating levels of the top five ranked miRNAs, we informatically predicated their target transcripts and determined whether these targets were enriched for components of specific signaling pathways.
Tissue specificity analysis:
Raw microarray data from human tissues generated by Ludwig et al. were directly obtained from https://ccbweb.cs.uni-saarland.de/tissueatlas/. Data were normalized via quantile normalization using the preprocess package for R. miRNAs were filtered to only retain those which exhibited the highest median expression levels in brain relative to other tissues. The remaining miRNAs were then ranked according to the Tau tissue specificity metric described by Yanai et al. [12] .
Patients:
Patients were recruited in the emergency department at Ruby Memorial Hospital (Morgantown, WV). TBI patients received a clinical diagnosis of TBI based on clinical evaluation and review of lab and radiographic findings by an experienced neurologist. Severity of TBI was determined by Glasgow Coma Score, as assessed by a trained clinician [13] . Patients under 18 years of age, previously hospitalized within 30 days, or presenting more than 24 hours post-injury were excluded. Control subjects were recruited under similar exclusion criteria as TBI patients, and were free of neurological symptoms. Demographic information was collected from either the subject or significant other by a trained clinician. Procedures were approved by the institutional review boards of West Virginia University and Ruby Memorial Hospital. Written informed consent was obtained from all subjects or their authorized representatives prior to study procedures.
Blood sampling:
Peripheral venous blood samples were collected from subjects via gel barrier serum separator vacutainers (Becton Dickenson, Franklin Lakes, NJ). Blood was allowed to clot for a minimum of 30 minutes, and vacutainers were spun at 2,000*g for 10 minutes at room temperature. The resultant serum was aliquoted and immediately stored at -80C until analysis.
miRNA extraction and qPCR:
300 uL of serum was spiked with C. elegans miR-39, and miRNA was isolated via trizol extraction and subsequent spin column clean-up (miRNeasy, Qiagen, Germantown, MD). Reverse transcription was performed via the miScript II reverse transcription kit (Qiagen). qPCR was performed using the RotorGeneQ thermocycling system (Qiagen) using the miScript SYBR green master mix (Qiagen) and commercially available miScript primer assays (Qiagen) targeting miR-39 and the 5 top ranked candidate miRNAs. CT values of candidate miRNAs were normalized via those of the miR-39 spike-in control. miRNA levels are reported as absolute fold difference relative to the mean of the control group. The target transcripts of the top ranked miRNAs were predicted using TargetScan [14] , and STRING [15] was used query both KEGG [16] and Reactome [17] pathway annotations to determine whether target transcripts were enriched for those involved in specific signaling pathways.
Statistical analysis:
All statistics were performed using R 3.4 [18] . Fisher's exact test was used for comparison of dichotomous variables, while t-test was used for the comparison of continuous variables. The combined ability of the serum levels of candidate miRNAs to discriminate between stroke patients and controls was tested using k-nearest neighbors (k-NN). Classification was performed using z-scored expression values, three nearest neighbors, and majority rule via the knn.cv() function of the "class" package. The resultant prediction probabilities were used to generate receiver operator characteristic (ROC) curves using the roc() function of the "pROC" package [19] . In the case of all statistical testing, the null hypothesis was rejected when p<0.05. The parameters of all statistical tests performed are outlined in detail within the figure legends.
Results:
Tissue specificity analysis: Figure 1 depicts the expression levels of the top 50 most brain-enriched miRNAs in each of the 31 tissue types interrogated in our analysis. The top five miRNAs, miR-137, miR-219a-5p, miR-128-3p, miR-124-3p, and miR-138-5p, exhibited 31 to 74-fold higher expression in brain relative to other tissues.
Diagnostic performance of candidate miRNAs:
Clinical and demographic characteristics of TBI and control patients are depicted in Table 1 . TBI and control patients were highly similar in terms of similar age and ethnicity. While not statistically significant, the TBI group did contain a higher proportion of female subjects, and a higher rate of hypertension, compared to the control group.
All five candidate miRNAs exhibited higher levels in serum from TBI patients relative to serum from control patients, however, only three of these differences were statistically significant ( Figure 2 ). The combined serum levels of the five candidate miRNAs were able to discriminate between TBI patients and control patients with 90% sensitivity (0.95 CI: 75.8-100%) and 80% specificity (0.95 CI: 65.8-95.3%) using k-NN ( Figure 3 ).
Biologic function of candidate miRNAs:
The predicted targets of the top 5 miRNAs were significantly enriched for transcripts involved signaling pathways which control a wide range of biologic processes such as cellular proliferation and differentiation, neuronal signal transduction, and inflammation (Table 2) . Unsurprisingly, several of these signaling pathways were specific to PREPRINT 5 CNS processes, however, they also included those which are active in non-CNS tissues. For example, the predicted targets of miR-137 were significantly enriched for transcripts which are involved in cardiac-specific signaling pathways ( Figure 4 ). Broadly, this suggests that miRNAs released from the brain into circulation during TBI could alter molecular signaling in peripheral organs, which could ultimately help drive some of the distal physiologic changes which are commonly observed post-injury such as cardiac dysfunction.
Discussion:
Blood biomarkers associated with traumatic brain injury (TBI) could be used to non-invasively aid in the recognition of TBI during triage. The detection of brain-specific miRNAs released from damaged neural tissue into the peripheral blood could serve as a surrogate marker of TBI. Here, we employed a systematic analysis identify brain-enriched miRNAs, and then tested their potential utility for use as TBI blood biomarkers in the acute phase of care. Our analysis identified several candidate miRNAs that have yet to be explored as TBI biomarkers, and the levels of diagnostic performance which we observed suggest that they could have future clinical utility.
Furthermore, our informatics analysis suggests that circulating miRNAs originating from damaged brain tissue could be molecular contributors to the peripheral physiologic changes which are commonly observed in TBI.
To our knowledge, the five candidate miRNAs identified in our analysis have yet to be widely investigated as biomarkers in the acute phase of human TBI. We observed elevated serum levels of all five candidate miRNAs in human TBI within 24 hours of injury [20] , as well as with prior investigations reporting altered circulating levels of miR-137 and miR-124-3p in animal models of TBI [21, 22] .
The circulating levels of the top 5 miRNAs identified in our analysis were able to differentiate between TBI patients and controls with 90% sensitivity and 80% specificity in the acute phase of care. S100 calcium-binding protein B (S100B) and glial fibrillary acidic protein (GFAP), both proteins which exhibit enriched expression in neural tissue, are two of the most widely investigated protein TBI blood biomarkers; pooled diagnostic accuracy data across multiple clinical investigations suggests that S100B is roughly 85% sensitive and 60% specific for TBI, while GFAP is roughly 80% sensitive and 80% specific [23] . Furthermore, the symptom-based TBI screening tools available to clinicians during early triage have been reported to be roughly 30-45% sensitive and 70-90% specific [2, 3] . Albiet in limited sample size, the five candidate miRNAs identified in our analysis displayed levels of diagnostic accuracy which compare favorably to those reported for other candidate TBI biomarkers, as well as symptom-based recognition scales, suggesting that they could have true clinical utility if our findings can be validated in larger patient population.
The experimental strategy employed in this investigation has several distinct advantages over those employed in the small number of large-scale miRNA biomarker discovery analyses performed in TBI to date. Most notably, PREPRINT 6 prior investigations have identified candidate miRNAs by high-throughput comparisons of circulating miRNAs between TBI patients and healthy controls [20, [24] [25] [26] . Thus, it is unclear whether the miRNAs identified in these studies exhibit elevation in blood which are specific to brain injury, or just trauma in general. Because the five candidate miRNAs which we identified in our analysis exhibit highly localized expression in brain tissue, it much more likely that their presence in blood is directly associated with neurological damage. Furthermore, the use of microarray for discovery screening of miRNAs directly in blood in prior studies may have limited their ability to detect miRNAs originating from brain [24, 26] . Brain-specific miRNAs are likely present in circulation at relatively low levels, and microarray is less sensitive than PCR-based methods [27] ; thus, differences in circulating levels of brain-specific miRNAs may have been missed due to high lower limits of detection. Here we took advantage to the throughput afforded by microarray to screen miRNAs directly in brain tissue where brain-specific species are much more abundant, and then used PCR for more sensitive detection when analyzing blood samples.
While our findings our findings are promising, it is important to note that this study is not without limitations. Most notably is the small sample size employed in our validation analysis, and the fact our control group was comprised of healthy subjects. In order to determine the true diagnostic accuracy of the five candidate miRNAs identified in our analysis, they need to be investigated further in a larger patient population, ideally including more mild TBI cases and a control group which includes non-neurological trauma patients. Furthermore, we only examined the candidate markers in the acute phase of care and we did not investigate clinical outcomes outside of diagnosis. Future work should examine these miRNAs longitudinally post-injury and explore associations with other clinical measures to determine whether they could be useful in guiding other care decisions. For example, the miRNAs identified in this study might have further utility to quantify axonal injury, monitor secondary tissue damage, or predict adverse complications such increased intracranial pressure.
From a biological perspective, our results may provide an avenue for future study aimed at better understanding the molecular mechanisms which drive the systemic response to TBI. TBI triggers body-wide changes in metabolism [28] , immune function [29] , and cardiovascular dynamics [30] , all of which influence clinical outcome.
While the top 5 candidate miRNAs described here exhibit localized expression in brain, our pathway enrichment analysis suggests that they have the ability to modulate several signaling pathways which are active in nonneural peripheral tissues. Due to the ability of circulating miRNAs to enter cells [31] , it is possible that the elevations in serum levels of the candidate miRNAs which we observed in TBI could alter gene expression levels in circulating cell populations and peripheral tissues. Better understanding the peripheral consequences that TBI-induced elevations in circulating levels of these miRNAs may have could help identify new therapeutic targets which could be used to modulate the systemic injury response to improve prognosis. For example, the predicted targets of miR-137 were significantly enriched for transcripts involved in signaling pathways which mediate cardiac conduction; thus, it is possible that TBI-induced elevations in circulating miR-137 could play a role in the pathogenesis of post-TBI cardiac dysfunction, a common and serious complication of TBI [32].
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Taken as a whole, our results suggest that the five candidate miRNAs identified in our analysis are have promise for use as TBI biomarkers. They displayed levels of diagnostic accuracy which compare favorably to those achievable via previously described candidate TBI biomarkers, as well as symptom-based TBI recognition tools, suggesting that they could have true utility for triage if our preliminary findings can be validated. Furthermore, future exploration into the systemic effects of TBI-induced elevations of these miRNAs could help better understand the peripheral physiologic changes that occur in response to injury. Expression levels of the top 50 most brain-enriched miRNAs across samples from 31 distinct human tissues, along with tissue specificity index (Tau) and fold enrichment in brain samples relative to samples from other tissues.
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